Average methylmercury levels in five Savannah River tributary streams sampled 11 times over two years (0.170 ng/l) were nearly twice as high as in the Savannah River (0.085 ng/l). Total mercury levels in the tributaries (2.98 ng/l) did not differ significantly from the river (2.59 ng/l). All of the tributaries drained extensive wetlands that would be expected to support comparatively high rates of methylation. Mercury concentrations in Asiatic clams (Corbicula fluminea) collected from the discharge plumes of Savannah River tributaries (average of 0.044 ug/g wet weight) were significantly (P<0.001) higher than in Asiatic clams collected from the Savannah River upstream from the tributary mouths (average of 0.017 ug/g wet weight). These results indicate that streams draining wetlands into coastal plain rivers can create localized areas of elevated methylmercury with resulting increases in the mercury levels of river biota.
Introduction
Mercury levels in many aquatic ecosystems in the northern hemisphere are strongly influenced by the aerial deposition of mercury in the surrounding watershed 1 WSRC- MS-2003 -00489 June 25, 2003 (Mierle 1990 , Fitzgerald et al. 1991 . Although much of this mercury may be retained in terrestrial soils (Nater and Grigal 1992) , some is conveyed to surface and subsurface waters where it is bacterially converted to methylmercury (Gilmour et al. 1992) . Wetland ecosystems are particularly efficient at producing methylmercury because they provide conditions that support methylating bacteria (Francis et al. 1998) . Studies in northern lakes and rivers show that methylmercury produced in wetlands can be transported by surface flow to other water bodies where it contributes to total methylmercury loading (St. Louis 1994 , Hurley et al. 1995 , Hurley et al. 1998 ).
Many of the major rivers draining the coastal plain of South Carolina have fish consumption advisories as a result of mercury contamination. This region has substantial atmospheric mercury deposition (EPA 1997) and many wetlands that are drained by small tributaries that connect to larger rivers. The possible significance of methylmercury conveyed to rivers by such tributaries has not been investigated. A simple way of evaluating the influence of tributary mercury on river biota is to compare mercury levels in biota residing in the plumes where tributaries discharge into rivers with biota from other river reaches less strongly influenced by tributary discharge. Most studies of mercury levels in biota involve fish because of their importance in the human food chain, but the mobility of fish make them a poor choice for this type of study.
Bivalves, on the other hand, are relatively sedentary, integrate bioavailable contaminant concentrations over time, and reflect contaminant transfer from water into the food web (Cope et al. 1999 , Chase et al. 2001 . Studies on the Asiatic clam, Corbicula fluminea, which has become widely established in United States rivers, indicate that mercury uptake at the whole organism level is directly proportional to mercury concentrations in the water column or sediment making Corbicula potentially useful for investigating localized differences in the bioavailability of mercury (Inza et al. 1997 , Inza et al.1998 ).
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In this study, we measured aqueous methylmercury levels at a variety of locations in the Savannah River and several Savannah River tributaries. We also measured mercury levels in Corbicula fluminea collected from the discharge plumes of Savannah River tributary streams and from river locations not directly affected by tributary discharge. Our objectives were: 1) to compare aqueous methylmercury levels between the Savannah River and its tributaries as a means of assessing the potential significance of the tributaries as sources of methylmercury, and 2) to determine whether tributary methylmercury resulted in localized increases in tissue mercury levels in Corbicula fluminea residing in the Savannah River.
Materials and Methods

2.1Study area
The Savannah River is formed by the confluence of the Tugaloo and Seneca River under study was characterized by dissolved oxygen concentrations averaging about seven to eight mg/l, slightly acidic pH (5.8-6.7), and average conductivities near 70 µS/cm (Paller et al. 1985 and 1986) . The tributary streams were acidic (average pH from 5.6 to 6.6), with conductivities ranging from 20-70 µS/cm, and with more variable and somewhat lower dissolved oxygen concentrations than the river (occasionally declining below 3.0 mg/l, Paller et al. 1986 ).
Approximately Three Runs (Halverson et al. 2002 ). However, as described later, total and methylmercury levels in these streams were not exceptional compared with the other tributaries.
Land use maps of the Savannah River Site indicate that the five SRS tributaries drain extensive wetlands (Figure 1 Creek on 7/2/02.
All water samples were collected from approximately 25 cm beneath the surface in areas with perceptible flow. Samples for total mercury and methylmercury were taken by dipping and filling a pre-cleaned, marked teflon bottle. Samples for dissolved mercury and methylmercury (taken only on 11/7/00, 11/29/00, 12/5/00, and 4/16/01)
were collected by using a peristaltic pump and clean plastic tubing to force water through a 0.45 micron glass-fiber filter into pre-cleaned and marked teflon bottles (filters and bottles supplied by Frontier Geosciences). New filters were used for each sample, and the collecting tube was thoroughly flushed with ambient water before collecting each sample. All sampling was performed with clean sample handling techniques to prevent contamination (Bloom 1995 , USEPA 2001 . Samples were placed on ice and shipped the day of collection to a laboratory that specialized in ultra-low level total mercury and For mercury analysis, individual Corbicula were again weighed, freeze dried to a constant weight to determine moisture content, then homogenized using a Teflon pestle exceeded 10%, or the value for the reference material was outside the certified limits, the entire group was re-analyzed. The detection limit was 0.22 ng/g. All Corbicula mercury concentrations were expressed on a wet-weight basis.
Data analysis
The methylmercury data collected from the five SRS tributaries and nearby river sample sites were analyzed using a mixed analysis of variance (ANOVA) model (Sokal and Rohlf 1995) with habitat (river vs. creek mouth) and sample date as treatment factors and sample site nested within habitat as a random factor. Data from Brier and Ebenezer Creeks, which were sampled only once, were excluded from this analysis.
Triplicate samples collected on a single date were averaged to produce a single value.
Wald-Wolfowitz runs tests above and below the median indicated a lack of significant serial correlation among data collected from each site over time, thereby demonstrating that the assumption of independence was met (Sokal and Rohlf 1995) . The methylmercury data did not initially meet other assumptions of ANOVA, including homogeneity of variances among samples and normality of sample distributions (Sokal and Rohlf 1995) . Since commonly employed transformations (e.g. log and square root) failed to rectify this problem, the variance stabilizing transformation was calculated from the slope of the log mean -log variance regression according to Taylor (1961) :
where X' is the transformed datum, X is the untransformed datum, and b is the slope of the log mean -log variance regression (b= 3.7 for the methlmercury data). Results are reported as arithmetic means.
Because the total mercury data failed to meet the assumptions of normality and homogeneity of variance even after transformation of the data (including Taylor's (1961) transformation), they were analyzed with the Scheirer-Ray-Hare test, a non-parametric analogue of the two-way ANOVA in which the data are ranked before analysis and the results compared to the chi-square distribution (Sokal and Rohlf 1995) . Treatment factors were habitat and sample date. Results are presented as arithmetic means.
Corbicula tissue mercury data were analyzed by analysis of covariance (ANCOVA) with location (river vs. creek mouth) the categorical factor and Corbicula shell length the covariate. Shell length was included because Corbicula size and tissue mercury levels were related. The model also included a third factor, sample site nested within habitat, to determine if there were significant differences between individual sample sites. A preliminary ANCOVA that included interaction terms demonstrated that the relationship between Corbicula size and tissue mercury levels was not affected by habitat nor site, thus satisfying the requirement for homogeneity of slopes (Sokal and Rohlf 1995) . Eight small Corbicula (shell length under 15.2 mm) had total mercury concentrations below the detection limit (0.22 ng/g). Because of the uncertainty associated with mercury levels in small Corbicula, all specimens under 15.2 mm in shell length (11 in total) were eliminated leaving a total sample size of 112. Corbicula tissue mercury data were log 10 transformed to satisfy statistical assumptions of normality and homogeneity of variance. Back transformed results were reported as geometric means and associated 95% confidence intervals.
WSRC-MS-2003-00489 June 25, 2003
All statistical results were considered significant at P<0.05. Statistical analyses were conducted with Systat (SPSS 1997).
Results
ANOVA of the SRS tributary and river data indicated that the difference in aqueous methylmercury concentration between creek mouths and river was highly significant (P<0.001) as were differences between individual sample sites within habitats (P=0.003), differences between sample dates (P<0.001), and the interaction between habitat and sample date (P=0.005). The interaction was significant because the difference in methylmercury concentration between creek mouths and river was greater on some dates than others; however, methylmercury concentrations were at least slightly higher in the creek mouths on all sample dates ( Figure 2 ). The average methylmercury concentration in the creek mouths (0.170 ng/l) was nearly twice as high as in the river (0.085 ng/l), and the creeks had higher percentages of methylmercury (average of 6.5%) than the river (average of 3.4%). The significance of sites within habitats reflected differences in methylmercury levels among creeks with the highest levels in Steel Creek and Lower Three Runs (Figure 3 ). Methylmercury levels measured on a single date in the mouths of Brier and Ebenezer Creeks (0.255 ng/l and 0.118 ng/l, respectively) were comparable to methylmercury levels in the SRS tributaries (Figure 3 ).
There was a general correspondence between methylmercury levels in the river and creek mouths as indicated by a significant positive correlation between average methylmercury in each habitat over time (r=0.67, P=0.026, n=11) (Figure 2 ).
Unlike the methylmercury ANOVA, the only significant term in the ANOVA for total mercury was the interaction between sample date and habitat (P=0.030), indicating that total mercury concentrations were sometimes higher in the creek mouths and sometimes higher in the river (Figure 2 ). Average total mercury levels differed little between the creek mouths (2.98 ng/l) and the river (2.59 ng/l). An analysis based on all (Figure 3 ). Somewhat less of the total mercury than the methylmercury was dissolved and, like methylmercury, there was little average difference in total mercury levels between the river (49.1%) and the tributaries (49.3%) but significant differences among individual tributaries (P<0.001).
ANCOVA indicated that mercury levels in Corbicula were significantly related to Corbicula size (P<0.001), that they differed significantly between river and creeks (P<0.001), and that they differed significantly among sample sites within habitats (P<0.001) (Figures 4 and 5) . Geometric mean mercury levels normalized to an average shell length of 24.1 mm were 44 ng/g wet weight for the creek mouths and 17 ng/g wet weight for the river sites, indicating a 2.5-fold average difference between habitats. As indicated by the significant difference among sites within habitats, Corbicula mercury levels differed among creeks ( Figure 5 ). Average Corbicula tissue mercury levels in the tributaries were not correlated with average aqueous methylmercury levels (r=0. 22, n=6) or total mercury levels (r=0.13, n=6) in the tributaries.
Discussion
Total mercury concentrations in the Savannah River were within the range of concentrations measured in Wisconsin rivers draining wetland and forested watersheds
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June 25, 2003 (Hurley et al. 1995) . They can be contrasted with the much higher total mercury levels (1.3 ug/l) in a Tennessee stream that received mercury discharge from an industrial facility (Southworth et al. 1995) . Except for rivers with significant point sources of mercury, most of the total mercury in rivers is derived from diffuse sources in the watershed (Balogh et al. 1998) , especially the deposition of atmospheric mercury released by burning coal and other industrial activities that volatilize mercury (Lacerda and Fitzgerald 2001) . In the Savannah River approximately 99% of the mercury load is atmospheric (EPA 2000) and possibly from the weathering of stream bank soils.
Wetland watersheds are especially efficient at converting this mercury to methylmercury, possibly because they retain mercury well and provide conditions (low dissolved oxygen levels and high levels of organic matter) that favor the sulfate-reducing bacteria involved in methylation (Regnell 1994 , Francis et al. 1998 . As a result, methymercury export is generally greater from wetland watersheds than from upland watersheds (St. Louis et al. 1994) , and methylmercury levels are higher in rivers with a high proportion of wetlands in their watersheds (Hurley et al. 1995) .
The Savannah River tributaries were characterized by significantly higher aqueous methylmercury concentrations than the Savannah River (Figure 3 ). Total mercury concentrations did not generally differ between the river and the tributaries (Figure 3 ), suggesting that differences in the amount of inorganic mercury for methylation were not responsible for the difference in methylmercury concentration between river and tributaries. The most likely reason for higher methylmercury levels in the tributaries was that the tributaries supported more favorable environments for methylation. All of the tributaries in this study drained extensive wetlands that would be expected to support comparatively high rates of methylation The tributary water also tended to be relatively acidic, a condition often associated with increased methylation (Gilmour and Henry 1991) .
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Methylmercury concentrations and percentages of methylmercury varied among tributaries ( Figure 3 ) suggesting variations in methylation efficiency among streams. It is unlikely that this was related to differences in total mercury. Beaver Dam Creek, the stream with the highest average total mercury concentration, had the lowest average methylmercury concentration. The two streams with the highest concentrations and percentages of methymercury, Steel Creek and Lower Three Runs, had 400 to 1000 ha reservoirs in their upper reaches that may have directly contributed methylmercury or influenced instream methylation rates by affecting stream water chemistry (e.g., dissolved carbon levels).
Although methylmercury levels varied among tributaries, all tributaries were characterized by at least slightly higher average methylmercury levels than the river (Figure 3 ). The influence of this tributary methylmercury on the total methylmercury load in the Savannah River is difficult to determine. The temporal correlation between mercury levels in the creek mouths and the river suggests a direct linkage between the two that could result from transport of methylmercury to the Savannah River from the tributaries. However, it is impossible to exclude the alternative explanation that parallel patterns of methylmercury change in both habitats resulted from the action of unmeasured factors that affected both habitats similarly. Examination of USGS stream and river discharge records from 1990 to 2000 indicated that total discharge from the tributaries in this study (excluding Ebenezer Creek for which data were unavailable) composed about 13% of the discharge in the Savannah River, suggesting that mercury transported from them alone constituted a comparatively small proportion of the Savannah River mercury load. However, this comparison does not include the many other Savannah River tributaries not studied.
Although it is difficult to assess the cumulative impacts of tributary methylmercury on Savannah River biota as a whole, tributary discharge appeared to create localized -MS-2003 -00489 June 25, 2003 methylmercury "hotspots" that raised mercury levels in Corbicula residing within the tributary discharge plumes. Soft tissue mercury levels were about 2.5 times higher in
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Corbicula from the tributary discharge plumes than in Corbicula from the Savannah River upstream from the plumes. This difference was likely a direct consequence of exposure to elevated methylmercury levels in the tributary discharge. Laboratory studies demonstrate that Corbicula rapidly bioaccumulates methylmercury to a much greater extent than inorganic mercury, and that bioaccumulation is proportional to the methylmercury concentration in the water column or sediment (Inza et al. 1997) .
Although mercury levels were consistently higher in Corbicula from the tributaries than in Corbicula from the river, tributary Corbicula mercury levels and tributary aqueous methylmercury levels were not significantly correlated. Corbicula are filter feeders (Inza et al. 1997) suggesting that their methymercury intake may be more closely related to particulate (filterable) methylmercury than to dissolved methylmercury. Lower Three Runs, which had the highest Corbicula mercury levels, also had the highest proportion of filterable methylmercury in its discharge (Figure 3 ) lending support to this possibility.
However, Corbicula can also act as deposit feeders, ingesting periphyton growing on the sediments, and they may be able to directly accumulate methylmercury from the water (Inza et al. 1997) . Therefore, methylmercury uptake by Corbicula may not be determined solely by the methylmercury concentration in the water but also by the form of the methylmercury (particulate versus dissolved) and by the relative predominance of several possible modes of methylmercury uptake. Whatever the mode of uptake, methylmercury levels increased with Corbicula size suggesting that Corbicula accumulate mercury with age as fish do (Phillips et al. 1980) . The results of this study indicate that tributaries in the middle reaches of the Savannah River appear to be sources of elevated methylmercury that can result in localized increases in mercury levels in Corbicula and presumably other biota. Elevated methylmercury levels in the tributaries may be associated with the drainage of wetland habitats and water chemistry characteristics that favor methymercury production. More intensive research will be needed to better understand methylmercury production in the tributaries, the impact of tributary discharge on methylmercury level in the mainstem river and river biota, and whether similar patterns of elevated tributary methylmercury levels occur in other river systems. Corbicula appear to be well suited for studying this phenomenon and, more generally, the effects of any point mercury inputs to aquatic systems because they are relatively stationary and accumulate mercury. However, the use of Corbicula within a restricted size range may facilitate comparisons among sites because Corbicula mercury levels are related to size. 
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